A fraction of the ribosomal 28S genes in some insects are interrupted at specific sites by insertion elements Rl and R2 (also called Type I and H). These elements contain long openreading frames with homology to reverse transcriptase. We have identified in the silkmoth, Bombyx mori, copies of these elements which have inserted into sites outside the ribosomal DNA (rDNA) units. The 3' ends of all "non-rDNA" elements are identical to the elements within the 28S genes; however their 5 1 ends are often truncated. Each non-rDNA copy has inserted into sequences that exhibit similarity to their target sites in the 28S gene. We also demonstrate by genomic blot analysis of different strains of B. mori that insertions of Rl and R2 outside the rDNA units have been infrequent, while considerable turnover of elements has occurred within the rDNA locus. One race of B. mori has lost all copies of Rl from its rDNA units, while retaining normal levels of R2. The level of both Rl and R2 have significantly increased in a tissue culture line. These findings add considerable support to the model that Rl and R2 are retrotransposable elements that utilize sequence specific endonucleases in their integration into the genome.
INTRODUCTION
Transposable elements and retroviruses of eukaryotes are capable of inserting into a large number of sites within the genome of the organism they inhabit (1). ThU flexibility in the selection of target sites occasionally results in their insertion into or flanking active genes, which can have striking detrimental effects on their host If one views these mobile elements as "selfish" or "parasitic" (23) then it might be more advantageous for the element to become specialized for insertion into sites within the genome that could be tolerated by the host A fraction of the ribosomal genes in a number of insect species have been found to contain specific DNA insertions (reviewed in 4). The best characterized of these elements are the type I and type II inserts first found in Drosophila melanogaster (5-7). Type I elements have also been found in D. virilis (8), the blow fly Calliphora erythrocephala (9) and the silkmoth Bombyx mori (10,11). Type II elements have only been found in sibling species of D. melanogaster (12) and in B. mori. (10,11). We have recently suggested (13) that these elements be renamed Rl and R2 to avoid confusion with other insertion elements, particularly the fungal mitochondiial intron sequences to which they are related (14,15).
Complete nucleotide sequence determination of the Rl and R2 elements from B. mori (13,16) has revealed that each element contains an over 1,000 amino acid open-reading frame. A central portion of this open-reading frame contains sequences similar to reverse transcriptases found in retroviruses and retrotransposable elements. The Rl element contains a second openreading frame which has several properties of retroviral gag genes. Sequence similarities in the reverse transcriptase region are highest to a series of mobile elements which like Rl and R2 do not end in long terminal repeats (15, 16) .
Based upon their structural similarities to retrotransposons, we have suggested that Rl and R2 are, or at least were at one time, transposable elements (13, 16) . If these elements are mobile, then it is necessary that they be remarkably sequence specific in their insertion since they are found in the identical nucleotide position in multiple 28S genes in each species. An alternative explanation for the sequence specific location of the Rl and R2 elements is that the recombination mechanisms which maintain very high levels of sequence homology between the ribosomal DNA (rDNA) repeats, have simply expanded and maintained the number of Rl and R2 elements within the rDNA loci of different species. In this latter model it is not necessary that these elements were originally sequence specific, nor is it necessary that they remain active. In this report we present data which indicates that Rl and R2 can on rare occasions insert in a sequence specific manner to sites outside the rDNA locus. These findings support the model that Rl and R2 are highly specialized for transposition into particular sequences in the eukaryotic genome.
MATERIALS AND METHODS
Isolation and sequence determination of non-rDNA Rl and R2 All clones were isolated from a lambda phage library of partial Sau3 AI digested genomic DNA of strain 703 cloned into Charon 35 (gift of B. Hibner). Gones containing non-rDNA Rl and R2 elements were isolated from this library by hybridizing one set of plaque lifts with the 1.7 kb BamHI -Xbal fragment corresponding to the 3' half of the 28S gene in clone B108 (11) , and a duplicate set of filters with either the 2.5 kb Kpnl fragment isolated from the Rl element in clone B78 (16) or the 1.4 kb PstI -SstI fragment from clone B131 (13) . Hybridizations were conducted at 68°C in 0.6 M saline (0.6 M NaCl, 0.12 M Tris hydrochloride [pH 8], 4 mM EDTA) as previously described (17) . After preliminary restriction mapping and Southern analysis, the appropriate regions of the lambda clones were subcloned into pUC18. Specific restriction fragment! containing the junction sequences were cloned into M13mp 18 and M13mp 19 vectors (18) for sequence determination (19) . The direction and extent of sequence determination for each element are shown in Figures 1 and 3 . Genomic blot analysis Genomic DNA was isolated from five sibling female moths from each of the following strains: 703, a homozygous wildtype line derived from European strain 703 (20) ; C108, a standard Chinese strain used as a tester strain in genetic studies of the chorion locus (21); Akajuku, a Japanese race; Shokei, a Chinese race; Old European 16 (OE16), a European race; and Cambodgc, a tropical multivoltine race from Cambodia. The last four are standard geographical races approved by the Committee on Silkmoth Genetics of the Japanese Society of Sericultural Science, and were obtained from the Sericultural Experimental Station, Ministry of Agriculture, Fishery and Forestry (Tsukuba, Japan). DNA was also isolated from the tissue culture line BM5 (22) . The DNA probes for Rl, R2 and the rDNA unit, as well as the conditions of the hybridization, were the same as those used in the genomic library screen described above. Figure 4B, boxed region) . In ordeT to obtain this level of similarity it was necessary to assume that as with R2 insertions in the 28S genes a 2 bp deletion had occurred in the B743 insertion site. Thus the mechanism by which the genomic DNA was f cleaved and an R2 element inserted outside the rDNA locus appears similar to that in the rDNA 4 locus. Cloning of the unoccupied B743 insertion site to confirm that 2 bp were deleted upon R2 insertion was not possible. Southern blots using flanking DNA sequences as probe have reveal-' ed that the B743 insertion site is occupied by an R2 element in every strain of B. mori we have tested (data not included).
RESULTS

Based
A second non-rDNA R2 element obtained from the library screen was found in clones B712 and B713 (Figures 3 and 4) . Figure 5A , as well as additional genomic blots not shown, Cambodge has approximately six copies of Rl, however none of these copies appear to be inserted into rDNA repeats. Akajuku also has approximately six copies of Rl of which two appear to be inserted within the 28S genes.
The 2.0 kb band, the lower of the two 3.0 kb bands, and the 4.0 kb band in strain 703 Gane 1) represent the non-rDNA elements found in clones B8O3, B810 and B811 respectively ( Figure IB) . Each of these bands can be found in one or more of the other lanes of the blot Indeed, most of the variant bands seen in any one strain are shared by one or more other strains. This suggests that the transposition of Rl outside the 28S gene does not occur often, with many of the current copies generated before the genetic separation of these races.
Figure 5B presents the results of Pstl-Xbal digested genomic DNA probed with the 1.1 kb Pstl-SstI fragment from the center of the R2 element. The intense 4.8 kb fragment in each lane corresponds to R2 elements inserted into 28S genes. All strains and races contained approximately the same level of R2 insertion, or 7-10^fc of the rDNA units (13, 23) . As in the case of the Rl element, the tissue culture line BM5 contained the highest level of R2 insertion with nearly three times as many copies of R2, or approximately 25% of its 28S genes occupied by R2. The intermediate intensity bands detected in lanes 1, 2, 4 and 6 of Figure 5B correspond to restriction polymorphisms in the spacer region of multiple rDNA units in the locus. Fainter bands correspond to non-rDNA copies, or restriction polymorphisms in a single rDNA unit The non-rDNA R2 elements in clones B743 and B712 correspond to two of the fragments slighdy larger than the the major 4.8 kb band (the location of the B717 element in this digest is not known). As in the case of Rl, most of the fainter bands are found in a number of the different strains. This suggests that many of the R2 elements inserted outside the rDNA locus before the genetic separation of the different races.
DISCUSSION
Rl and R2 elements appear to suppress the transcription of the rDNA units they occupy in D. melanogaster (25) (26) (27) . As a result one would predict that negative selective pressure and the recombinational mechanisms that give rise to the concerted evolution of the ribosomal genes should eventually eliminate these elements. It has been suggested that the maintenance of these elements in the rDNA units could be explained if they are capable of repeated insertions (28, 29) . Clearly the structure of these elements as revealed in B. mori are consistent with tfieir origins as retrotransposable elements (13, 16) . The identification of R1 and R2 elements that have moved outside the rDNA repeats to sites with similarity to the 28S insertion sites is evidence drat these elements are both mobile and sequence specific.
Rl and R2 elements lack long terminal repeats (LTRs) or inverted repeats, which probably explains why they were not immediately recognized as transposable elements. It has recently been shown that there is a distinct class of such non-LTR retrotransposable elements distributed throughout the plant and animal kingdoms (13, . Based on the homology of their reverse transcriptase encoded sequences, these non-LTR elements are more closely related to mitochondria! class II intron sequences of fungi, than to retroviral or copia-like transposable elements (15) .
If the maintenance of Rl and R2 in the rDNA locus is to be explained by their ability to transpose, they must be remarkably specific in their insertion not only for the rDNA locus but also for a particular sequence of the rDNA repeat This degree of specificity has not been observed in any other retrotransposable element or retrovirus. While some retrotransposable elements have been shown to exhibit some sequence preference (for example, refs. 36-38), this preference is not sufficient to limit their insertion into a distinct set of sequences within the genome. One possible explanation of the remarkable insertion specificity of Rl and R2 is that they utilize the unique rRNA processing, ribosomal assembly or DNA recombination mechanisms that occur within the nucleolus. For example, they could insert at the RNA level followed by reverse transcription and DNA recombination back into the rDNA locus. However, several features of the non-rDNA copies of both Rl and R2 indicate that this is not the case. First, the Rl and R2 elements that have inserted outside rRNA genes contain the same 3' end found in all rDNA copies. This suggests that the priming for reverse transcription and/or the processing of this transcript is identical to that used to generate the rDNA inserted copies. Second, the effect the non-rDNA copies of Rl and R2 have had on the target sequence is the same as in the rDNA locus contains sequence similarities to the 28S gene target site. However, most if not all of the remaining non-rDNA copies of Rl and R2 in D. melanogaster are located as tandem arrays in the pericentric heterochromatin (7, 43, 44) . In Drosophila defective copies of all transposablc elements are rapidly eliminated from the genome except those in the repetitive DNA of the chromacenter (45) . Silkmoths, on the other hand, contain a dispersed pattern of repeated sequence with a high content of repeated sequences including an Alu-like retroposon (46) . Thus the greater numbers of non-rDNA copies of Rl and R2 we have found in the silkmoth may be explained by the greater stability of such defective copies in the silkmoth genome.
In conclusion, we have previously suggested (13) that the ribosomal locus may be a favorable niche in the eukaryotic genome for the invasion of selfish mobile elements. Rl and R2 are not the only elements that appear to occupy this niche. In the nematode, Ascaris lumbricoides, a 4.5 kb element occupies approximately 5% of the rDNA units. The elements insert with accompanying target site duplications at a unique location midway between the Rl and R2 sites (47) . Only truncated copies have been found outside the rDNA loci (48) . In D. melanogaster, the G element has recently been shown to contain an ORF with hotnology to reverse transcriptase, and is a member of the non-LTR class of retrotransposons (35) . This element appears to insert into a specific sequence in the rDNA spacer which contains remarkable sequence similarity to the region within the 28S gene between the R2 and Rl insertion sites (44) . Finally, in several Tetrahymena species, a self-splicing 0.4 kb insert occupies all copies of the large rRNA genes (4940). The location of the Tetrahymena insertions corresponds to a site only 3 bp from R2 insertion. The presence of these rDNA insertion elements in different phyla suggests that many additional species will be found to contain these or other similar elements.
